To date, the zygotic dorsal patterning genes studied are expressed in overlapping dorsoventral (D/V) domains rather than spatially discrete domains like the GAP genes (Rushlow and Arora 1990; Ferguson and Anderson 1991; St. Johnston and Niisslein-Volhard 1992) . Mutations in these genes (termed ventralizing genes/also affect overlapping territories (i.e., even weak mutations of the zygotic ventralizing genes affect dorsal midline structures, whereas more severe alleles affect the more lateral dorsal ectoderm structures to varying degrees). The known zygotic D/V patterning genes include the decapentaplegic (dpp), tolloid (tld), screw (scw), shrew (srw) , zerknf~llt (zen), short gastrulation (sog), and twisted gastrulation (tsg) genes (Jurgens et al. 1984; Nfisslein-Volhard et al. 1984; Wakimoto et al. 1984; Wieschaus et al. 1984; Zusman and Wieschaus 1985; Irish and Gelbart 1987) (sog is unusual in being required in the 1Present address: Advanced Technology Center, Beckman Instruments, Inc., Fullerton, California 92634 USA. 2Corresponding author.
ventral part of the embryo for dorsal patterning and will not be considered further here).
The only gene required for development of all dorsal structures is the dpp gene (Irish and Gelbart 1987) . All other ventralizing mutants affect the dorsal midline and then increasingly larger dorsolateral domains as more severe alleles are examined (this study; Arora and N/isslein-Volhard 1992). These observations have prompted the suggestion that a gradient of DPP activity may provide the primary patterning signal in the dorsal half of the embryo with some or all of the other ventralizing genes serving to modulate or maintain that gradient (Shimell et al. 1991; Arora and N~isslein-Volhard 1992; Ferguson and Anderson 1992b) . The DPP and TLD proteins are related most closely to bone morphogenetic protein (BMP)-2/4, two transforming growth factorq3 (TGFq3) family members (Padgett et al. 1993) , and BMP-1, a metalloprotease that copurifies with BMP-2 (Shimell et al. 1991) and is thought to participate in activating the latent form of these BMPs Celeste et al. 1990 ). Thus, TLD may modulate DPP activity biochemically. Alleles of tld that exacerbate the effect of some dpp alleles provide genetic support for this view (Ferguson and Anderson 1992b) . Similarly, certain alleles of scw (recently identified as also related to BMPs of the TGF-~ class; K. Arora, pers. comm.) also show antagonistic interactions with dpp alleles (V. Twombly and W.M. Gelbart, pers. comm.). On the basis of the suppression of alleles of tld, srw, and scw by extra doses of dpp, these genes have been placed upstream of dpp as putative effectors of DPP activity (Ferguson and Anderson 1992b) . In contrast, the failure of extra copies of dpp to suppress tsg and zen mutations suggests that these two genes may act downstream of or in parallel with DPP (Ferguson and Anderson 1992b) . It has been shown that the presence of DPP is necessary to sustain zen transcription (Ray et al. 1991) and is sufficient to induce zen transcription, therefore suggesting that ZEN, a transcription factor, functions downstream of DPP to effect only the dorsal-most cell fates (Ferguson and Anderson 1992a) . Thus, TLD, SCW, and SRW are postulated to modulate DPP activity resulting in zen expression and proper dorsal patterning, whereas the role of tsg is unknown.
We have analyzed the developmental effects of tsg mutants and the structure of the tsg gene. We find that tsg mutations affect only the dorsal midline cells, and in contrast to mutations of dpp or the putative effector genes tld and scw, tsg mutations do not affect the lateral dorsal ectoderm. We find that the TSG protein shares some structural features with a new human growth factor, connective tissue growth factor (CTGF) (Bradham et al. 1991) . The TSG protein appears to be secreted. The restricted effect of tsg mutations in contrast to those of dpp, tld, and scw and the structural features of a secreted protein suggest an alternative to the single morphogen (DPP) gradient model (Ferguson and Anderson 1992a) , namely that TSG represents a second class of peptide growth factor that may be part of a combinatorial signaling mechanism that specifies dorsal patterning in Drosophila.
Results

tsg mutations affect cell fate in the dorsal midline cells but not in dorsal ectoderm
Mutations of dpp or its putative effectors, tld and scw, lead to loss of dorsal ectoderm, loss of dorsal midline structures, or both, with an accompanying expansion of ventral fates depending on the severity of the mutant (Arora and Niisslein-Volhard 1992; Ferguson and Anderson 1992a; Wharton et al. 1993) . If TSG affects an overall gradient of DPP activity (see Fig. 10A , below), then tsg mutations should affect both dorsal midline and dorsal ectoderm cell fates as seen with tld and scw null mutations. By three criteria, we find that tsg mutations affect only dorsal midline cells with no accompanying expansion of the more ventrolateral regions. To illustrate, tsg mutant embryos are compared below with embryos homozygous for a tld null mutation.
We examined the effect of tsg mutations on the development of cuticle structures by first asking whether the ventral denticle belts are expanded in tsg mutant embryos as they are in embryos mutant for dpp or its effectots. Comparing tsg mutant embryos and their normal siblings, the number of denticles in row one of abdominal segment A5 were 28.1+2.5 and 27.6+2.1, respectively, and in row one of A6 they were 29.6+-2 and 29.5+-1.6, respectively (n = 18 for each). The numbers are not significantly different when subjected to Fischer's exact test, P = 0.57, indicating no expansion of denticle belts with either tsg allele. The lack of denticle expansion in tsg mutants compared with tld and wild type can be seen in Figure 1A -C.
We then examined tsg mutant embryos for cuticle elements in the larval head and tail that derive from both the dorsal midline cells and the more lateral dorsal ectoderm cells. All tsg mutant cuticles examined (n--20; Fig. 2 ) lacked the following midline-derived structures: labrum, labral sense organ, dorsal bridge and dorsal arm of the pharyngeal skeleton, and posterior tuft (J/irgens et al. 1986; J/irgens 1987) . On the other hand, structures that arise from the immediately adjacent dorsal ectoderm anlagen of the head were not deleted in tsg: vertical plates and ventral arm of the pharyngeal skeleton, cirri, and maxillary and antennal sense organs, and in the tail the filzk6rper and anal sense organs. In contrast, in tld mutant embryos as well as dpp and scw, both dorsal midline and adjacent dorsal ectoderm structures are affected (Arora and N6sslein-Volhard 1992; Ferguson and Anderson 1992b) . The presence of lateral elements in tsg mutant embryos and their absence in tld embryos illustrates the restricted domain affected by tsg mutations.
In the second set of experiments, we compared the expression pattern of a dorsal ectoderm-specific enhancer trap line in wild type, tsg, and tld mutants. The enhancer trap is expressed in paired stripes in the dorsal ectoderm (Fig. 3A) during the germ band extension stage with no expression in the amnioserosa cells (i.e., across the dorsal midline). In ventralizing mutant embryos, the advancing germ band plunges under the dorsal blastoderm cells leaving the cells that normally form the amnioserosa exposed dorsally. In tsg mutant embryos, the enhancer trap is expressed in unbroken dorsal stripes whose ventral boundary is unchanged compared with wild type (Fig. 3B) . In contrast, the ventral boundary of the enhancer trap expression is shifted dorsally in tld mutants (Fig. 3C ) and in dpp and scw mutants (not shown).
In the third series of experiments, we examined mitotic domains as early indicators of cell identity. After 13 synchronous divisions, the cells of the gastrula undergo a series of asynchronous divisions characteristic of different spatial domains of the embryo (Foe 1989) . In tsg mutant embryos, the dorsal-most cells along the entire anteroposterior (A/P) axis adopt the mitotic schedules of their immediately lateral neighbors. In particular, the dorsal midline cells in the head divide with domains 1, 5, and 6 so that these domains are no longer interrupted by domains 18 and A but extend across the midline (Fig. 4) .
other ventralizing genes, even in the weakest mutants (i.e., zen and srw), some or all of the dorsolateral domains shift dorsally, whereas the ventral mitotic domains expand into the lateral regions {see Fig. 9 in Arora and Niisslein-Volhard 1992) . We do not see dorsal shifts of mitotic domains in tsg mutant embryos. Thus, by the three criteria described, the identity of the lateral dorsal ectoderm cells is not changed by tsg mutations, whereas dorsal-midline cells along the entire anteroposterior axis adopt the identity of their immediately lateral neighbors. Figure 1 . The dorsal/ventral fate map is not shifted in tsg mutants as it is in tld. {A-C) Cuticles of wild-type (A), tsg (B), and tld (C) mutant embryos. Cuticles are positioned to reveal their ventral aspect; anterior is up. The anterior of the tsg and tld embryos is abnormally extended because of failure of head involution. In the posterior, the dorsolaterally derived filzk6rpers (arrow) are fully developed but internal in tsg mutants; in tld mutants they are either partially formed or absent. In tsg (B), there is no expansion of denticle bands as seen in tld (C}, dpp, and sew (not shownl, suggesting that the neurogenic ectoderm does not expand in tsg mutants as it does in mutants of dpp, tld, and sew. (D-F) Cross section of the fate map of wild-type, tsg and tld embryos at the blastoderm stage near the midpoint of the embryo (i.e., the segmented portion). The embryo is -72 cells in circumference and divided into four regions: the dorsalmost amnioserosa (5-6 cells), the dorsal ectoderm (-10 cells), the neurogenic ectoderm (-13 cells), and the mesoderm (-15-16 cells) . In null mutants of tsg, the ventrolateral extent of the dorsal ectoderm remains unchanged, whereas the dorsal-most cells, which would normally form the amnioserosa or other midline structures, develop as dorsal ectoderm or dorsolateral structures. In contrast, null mutants of tld and sew cause the entire fate map to be shifted dorsally with an actual decrease of cells fated to be dorsal ectoderm and an accompanying expansion of the ventrolateral regions. In the extreme, the null mutant of dpp has no dorsal ectoderm and denticle bands encircle the entire cuticle (not shown). At this point along the A/P axis the dorsal midline cells give rise to the amnioserosa; in the head and tail region other dorsal midline structures are formed (described in legend to Fig. 21 . The ventral mesoderm invaginates and does not form external structures; therefore, the denticles that arise from the neurogenic ectoderm are ventrolateral markers. Photographs were made using a 10x dark-field objective. Domain 7 comprises a group of mitotic cells found inside the lateral folds of the cephalic furrow. In tsg mutants, dorsal midline cells divide with domain 7 causing the furrow to extend across the midline. During late cell cycle 14 (not shown here), the dorsal-most cells of domain A, which would normally halt division and form amnioserosa, instead divide with the immediately dorsolateral domain 19 cells. In embyros mutant for the
Identification and expression of the tsg gene
Genomic clones spanning the tsg region were first identified by Goralski {1985). We isolated embryonic eDNA clones using a genomic DNA fragment that hybridizes to the only transcript in the region present at gastrulation. We identified this transcript as tsg by rescuing tsg mutations with a P-element construct containing a 1.4-kb DNA fragment that extends 33 bp 3' and 480 bp 5' of the transcribed region (E.D. Mason and J.L. Marsh, unpubl.). The pattern of tsg expression was determined by hybridizing developmental Northern blots with strand-specific probes from the eDNA (Fig. 5) . A single 1.0-kb transcript was detected in the 1.5-to 3.0-hr embryo collection only with no hybridization detected at other stages despite overexposure of the autoradiographs. The sense strand control failed to hybridize to any transcripts (not shown).
Whole mount in situ hybridization revealed several notable features of tsg expression {Fig. 6). First, tsg expression is restricted to the dorsal 40-50% of the egg circumference throughout its period of expression, thus following the dorsal on/ventral off pattern of the other dorsal group genes, dpp, tld, and zen. This pattern is thought to be set by DORSAL through repression in ventral cells (Doyle et al. 1986; St. Johnston and Gelbart 1987; Shimell et al. 1991) and tsg is expressed circumferentially in embryos from dorsal mutant females (C. Webb and J.L. Marsh, unpubl.). However, the initial appearance of tsg is not uniform across the dorsal half of the embryo as it is in dpp, tld, and zen (Doyle et al. 1989; Ray et al. 1991; Shimell et al. 1991) . Hybridization to tsg mRNA is first detected at nuclear cycle 13 in the syncytial embryo---1 hr and 45 min of development (Campos-Ortega and Hartenstein 1985) when it appears in two domains, a broad mid-dorsal saddle and an anterior cap ( Fig. 6A) , both of which are continuous across the dorsal midline (Fig. 6B ). During cellularization, transcripts disappear from the dorsal midline in both the anterior and middle domains to give a bilaterally symmetrical pattern and the initial mid-dorsal domain refines into a series of four diffuse stripes along the A/P axis (Fig. 6C ). As the germ band extends during stage 7 (-10 rain) and stage 8 (-30 min) (Campos-Ortega and Hartenstein 1985) , the anterior patches of tsg expression fade and the mid-dorsal stripes are located between the anterior transverse furrow (ATF) and the posterior transverse furrow (PTF) ( Fig. 6D} . As the PTF deepens, the tsg-expressing cells become incorporated into the PTF (Fig. 6E) . The tsg mRNA persists as the PTF and the proctodeal fold,
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Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from To position the mid-dorsal stripes of tsg accurately on the fate map, we hybridized wild-type embryos with both a tsg probe and a fushi tarazu (ftz) probe. The ftz gene is expressed in seven stripes corresponding to parasegments 2-14 (Hafen et al. 1984) . The double staining shown in Figure 7 demonstrates that the domain of tsg expression is located between parasegments 4 and 10 {i.e., ftz stripes 2 and 5). We find that a 1:1000 dilution of ftz probe gives a signal intensity similar to the intensity of tsg-positive cells whose staining has not yet become punctate Isee below}. Because the probes were of similar specific activity and the complexity of the ftz probe is 1.7 kb versus 563 nucleotides for tsg, we conclude that the tsg m R N A is < 1% as abundant as ftz mRNA.
The localization of tsg transcripts within the cells also changes during development. During the last cleavage divisions, tsg transcripts are localized uniformly around the apical side of the nucleus m u c h like ftz transcripts.
During cellularization, the transcripts in some cells be-
GENES & DEVELOPMENT
Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from twisted gastrulation affects dorsal midline cell fate tants. Mitotic domains that are normally bilaterally symmetric are now expanded across the dorsal midline with no shift of their lateral boundaries to a more dorsal position. Three to 6-hr embryos were collected from wild-type and tsg mutants and stained with anti-tubulin antibodies to reveal mitotic figures. In wild-type embryos (A), cells along the dorsal midline between mitotic domains 1, 5, and 6 are never seen dividing at this stage. In tsg mutants (B), dividing cells are seen all across the midline showing that several mitotic domains (e.g., domains 1, 5, and 6) are expanded across this dorsal region. When viewed from the side, it is apparent that the ventral extent of domain 6 remains unchanged; thus, it is not shifted dorsally as with mutations of the potential dpp effectorg scw, srw, and tld (Arora and Niisslein-Volhard 19921 but, instead, has expanded into the dorsal region. A similar expansion of mitotic domain 19 across the midline where amnioserosa cells would normally form also occurs later in cell cycle 14 (not shown). The accompanying cartoon indicates the regions of tsg expression relative to the altered mitotic domains. Only two stripes of tsg expression are shown because at this stage, some of the tsg-expressing cells have invaginated into the posterior transverse furrow (PTFI (see Fig. 6D ). The cephalic furrow (CF) invaginates across the dorsal midline in the mutant but not in wild type. Note that some of the affected cells are many cell diameters removed from the tsg-expressing cells (e.g., the dorsal-most cells that separate the two regions of mitotic domains 5 and 6 are at least 10 cells removed from the nearest tsg-expressing cells at this stage). (ATF) anterior transverse furrow.
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Molecular organization of the tsg gene
Both genomic and cDNA subclones encoding the tsg transcript were completely sequenced in both orientations and found to be colinear indicating that the tsg gene contains no introns (Fig. 8A) . The longest cDNA
TSG appears to be secreted
Conceptual translation of the tsg mRNA yields an acidic protein of 27.2 kD, predicted pI of 3.9 with a high cysteine content (10%), and one potential amino-linked glycosylation site conforming to the AsnXSer/Thr consensus. The protein exhibits an amino-terminal stretch of 21 hydrophobic residues resembling a signal sequence and no internal hydrophobic region capable of spanning a membrane, indicating that it is likely secreted. The most likely site for cleavage is after Ala-21 with a cleavage value of 9.2 calculated by the method of yon Heinje (1986) using PC Gene. The predicted cleavage would produce a protein of 24.8 kD. The protein exhibits a hydrophobic amino terminus and two clusters of cysteines (open arrowheads) in the amino-and carboxy-terminal regions of the protein (Fig. 8B) . Thus, TSG exhibits features commonly found in extracellular proteins.
TSG is distantly related to a family of vertebrate proteins
A homology search of protein data bases was conducted using the experimental GENINFO (R) BLAST Network Service set up by the National Center for Biotechnology Information (Bilofsky and Burks 1988) . No extensive similarities were identified; however, the BLAST algorithm (Altschul et al. 1990 ) identified human CTGF (Bradham et al. 1991) and its mouse homolog, the FISP-12 protein (Ryseck et al. 1991) , as sharing a limited region of similarity with TSG in the amino-terminal half of the protein. These two proteins belong to a family of structurally related polypeptides that include the prod- ucts of the CEF-IO gene of chickens (Simmons et al. 1989 ) and the cyr61 gene of mice (O'Brien et al. 1990 ), as well as the more distantly related group of insulin-like growth factor-binding proteins (IGFBPs) from several m a m m a l s (for an overview of the IGFBPs, see Baxter 1988) . Two distinguishing features of these proteins are (1) an overall structure exhibiting cysteine-rich aminoand carboxy-terminal domains flanking a cysteine-free nonconserved central core, and (2) a region of similarity surrounding the sequence Cc/HCCXXC. This region of TSG is aligned with its four closest relatives, h u m a n CTGF, mouse FISP-12, and the somewhat more distantly related growth factor-inducible proteins, CEF-10 and CYR61 in Figure 9 . Although the overall identity of aligned amino acids is only -1 9 % , 59% (i.e., 19 of 32) of residues in this region are conserved as are the cysteines here and in other regions of the protein.
1494
GENES & DEVELOPMENT
Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from twisted gastrulation affects dorsal midline cell fate
D i s c u s s i o n
Here, we provide evidence to support the hypothesis that the requirement for tsg function is restricted to the dorsal midline cells of the early embryo. We find that the pattern of tsg expression is not concordant with the regions affected by tsg mutations and that the tsg gene at gastrulation may initiate a signal that is relayed through cell-cell interactions to the nonexpressing region; and (3) the fate of these cells may depend on the low level of tsg expression that occurs before blastoderm formation. However, lack of cell autonomy in gynandromorphs (Zusman and Wieschaus 1985) , coupled with the structural features of a secreted protein, is consistent with a signaling role for TSG.
The fact that TSG exhibits some limited similarity with members of the CTGF gene family is notable when one compares the biological settings within which these molecules act. CTGF was identified in h u m a n umbilical vein endothelial cells (Bradham et al. 1991) . It functions both as a cysteine-rich mitogen and as a powerful chemoattractant. The cytoskeletal rearrangements induced by CTGF during chemoattraction are similar to the cytoskeletal rearrangements that take place in amnioserosa cells in the presence of TSG function. Furthermore, CTGF and its relative CYR61 are present at sites of bone formation both in wound chambers and during development of limbs (G. Grotendorst and Fava, pers. comm.). Thus in mammals, BMP-1, BMP-2/4, CTGF, and CYR61 are all active in cells as they commit to bone
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Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from Figure 7 . Localization of tsg expression relative to ftz. Embryos were hybridized with both a tsg and a diluted ftz probe. Dorsal views with anterior to the left. The ftz probe stains evennumbered parasegments beginning with parasegment 2 (A). Limited tsg expression is seen in the posterior of parasegment 3 and extends to parasegment 9. Note the sharp boundaries defining domains of ftz expression vs. the diffuse boundaries of tsgexpressing domains. (B) A higher magnification photograph of the central portion of the embryo shown in A. Note the uniform staining of the ftz probe. The tsg staining is uniform in some cells and intensely concentrated apically in others. For comparative purposes, the complexity and dilutions of the two probes are described in Results. deposition, whereas in Drosophila, the closest relatives of each of these different classes of genes are active in cell fate specification in the early embryo {i.e., TLD, DPP, SCW, TSG). The coincidence of finding a similar constellation of molecules associated with cell commitment in mammals and in Drosophila is notable.
Models of TSG action
Models of TSG action are based on different assumptions about the spatial requirements of TSG activity and different assumptions about the temporal and/or mechanistic requirements of TSG action relative to DPP. Spatially, TSG activity may be required over the entire dorsal half of the embryo (Fig. 10, model A) or the requirement for TSG activity may be restricted to the dorsal midline (Fig. 10, models B1-B3) . Temporally or mechanistically TSG may act upstream, downstream, or in parallel with DPP. The considerations discussed below lead us to favor the restricted combinatorial model (Fig. 10, model B3) over the others.
It has been suggested that the zygotic ventralizing genes function to establish or modulate a DPP gradient over the dorsal half of the embryo (Ferguson and Anderson 1992b) . By this model, mutations in modulating genes will lower the DPP gradient (Fig. 10, model A) , thus narrowing the dorsal domain and causing loss of cell fates at the apex of the gradient. The behavior of tld and scw mutations is consistent with a role in establishing a putative DPP activity gradient (Shimell et al. 1991; Arora and N6sslein-Volhard 1992; Ferguson and Anderson 1992b) . Weak alleles of tld and scw lead to loss of dorsal midline fates, which may require the highest DPP activity, whereas stronger alleles lead to loss of dorsal ectoderm cell fates as well. As DPP activity is reduced, dorsal fates are lost and ventral domains expand (Arora and N~isslein-Volhard 1992) . Mutants in the DPP gradient-modulating genes also cause the expression of the dorsal ectoderm-specific gene P62 to narrow and lead to a dorsal shift of mitotic domains (Arora and N~isslein-Volhard 1992) . By the three criteria examined, the effect of tsg mutations is inconsistent with a role in the establishment or maintenance of a global DPP gradient, as only cells along the dorsal midline are affected by tsg mutations. Specifically, the only cuticular structures lost derive from the dorsal midline, whereas structures from the more lateral dorsal ectoderm are unaffected; the P62 enhancer trap that is normally expressed only in the dorsal ectoderm is now expressed in an extended domain that includes cells of the dorsal midline and the dorsal ectoderm; finally, dorsolateral mitotic domains seen at gastrulation now extend across the dorsal midline and do not shift dorsally. Thus, tsg function is required only in the dorsal midline, and in its absence, dorsal midline cells adopt dorsal ectoderm identities. Model A is eliminated.
In the midline, TSG may act temporally or mechanistically upstream, downstream, or in parallel with DPP (Fig. 10, models B1-B3 ). For example, TSG may act upstream of DPP by creating a peak of DPP activity at the dorsal midline (Fig. 10, model B1 ) . Several considerations suggest that this is unlikely. Mutations in tsg are not suppressed by a fourfold increase in dpp gene dose, whereas this increase is sufficient to suppress mutations in srw, as well as tld, and scw (Ferguson and Anderson 1992b) . If TSG serves to create a peak of DPP activity, increases in DPP levels might be expected to compensate for the loss of TSG (e.g., similar to the suppression of srw). A putative interaction of TSG with DPP could be either direct or indirect; however, TSG does not exhibit any structural features that might suggest a direct physical interaction with DPP (e.g., membrane-anchoring sequences, homology to TGF-~-binding proteins, or homology to catalytic domains that might be involved in activation or modulation of DPP on DPP, excess DPP should be even more likely to be epistatic to loss of TSG function. Thus, model B1 is unlikely. Alternatively, TSG may act downstream of DPP to set midline cell fate (Fig. 10, model B2 Finally, midline cell fate may be set by the combined input of TSG acting as a second growth factor in concert with DPP (Fig. 10, model B3 ). In this model, DPP signal alone would specify dorsal ectoderm cell fates, whereas cells receiving both DPP and TSG input would adopt dorsal midline fates. This readily accounts for the fact that lateral dorsal ectoderm fates are unchanged in tsg mutants, whereas midline cells adopt lateral fates (they receive only DPP input). Recall the staining of P62 across the whole dorsal half of the embryo; the mitotic domains whose lateral boundaries did not retreat but whose dorsal boundaries extended across the midline and the presence of lateral cuticle elements in tsg mutant embryos. This mechanism is also supported by the structural data at the midline. A gradient of DPP activity could still provide the primary patterning signal but TSG would be required only in the dorsal midline to maintain a localized peak of DPP activity. In the absence of TSG function, the peak would dissipate leading to loss of midline derivatives, but lateral cells would continue to experience near normal levels of DPP, and thus patterning in the dorsal ectoderm (see Fig. 1 D) would remain essentially unchanged. (Model B2) TSG could act downstream of DPP to specify midline cell fate. This implies that DPP is required to turn tsg on or is required to activate the TSG protein that then properly signals dorsal midline cell fate. (Model B3) A combinatorial system of cell signaling could drive dorsal patterning. In the combinatorial model, DPP activity would be required in the dorsal 45-50% of the embryo, but TSG would function as an independent signaling factor that would affect only the dorsal most 10%. In the combinatorial view, DPP + TSG = dorsal midline (DM), whereas DPP alone = dorsal ectoderm (DE).
In the absence of TSG function, midline cells would see only DPP and become dorsal ectoderm but dorsal ectoderm would remain unchanged. For reasons described in the text, the combinatorial model most readily accounts for the experimental observations.
suggesting that TSG is a secreted molecule related to a known m a m m a l i a n growth factor (CTGF). This possibility accounts for the failure of extra doses of dpp to suppress tsg mutations (Ferguson and Anderson 1992b) , as it did in model B2 above. The lack of concordance between the site of TSG synthesis and the location of cells requiring TSG activity suggests that only presumptive midline cells are competent to respond to the proposed dual input of TSG and DPP, thus, implying an as yet undiscovered midline gene required for cells to respond to this signal. We propose the working hypothesis that dorsal midline fate is specified by the combined input of a TSG and DPP signal and that response to this signal is controlled by selective competence to respond to widely available signals (DPP and TSG) rather than by restricted availability of the signal as, for example, with wingless (Noordermeer et al. 1992; Theisen et al. 1994 ).
Cell fate along the A/P axis of the Drosophila embryo takes place before cellularization and is specified by the graded distribution of transcription factors in the syncytial blastoderm. In most other embryos and in the D / V axis of Drosophila embryos, cell fate specification requires a mechanism that operates in a field of cells. Two possible mechanisms to accomplish this are a differential responsiveness to a graded diffusible morphogen (e.g., a gradient of DPP) or a combinatorial input of mul-
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Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from twisted gastrulation affects dorsal midline cell fate tiple signaling molecules (e.g., DPP + TSG = dorsal midline; DPP only= dorsal ectoderm). For example, in animal cap explants from Xenopus embryos, different concentrations of activin induce at least three different tissue types (Ariizumi et al. 1991 ) suggesting a graded diffusible morphogen model. Alternatively, it has been found that activin and FGF can act together to specify cell fates in animal cap explants from Xenopus embryos (Green et al. 1992) , as activin and fibroblast growth factor (FGF) together at low concentrations result in levels of muscle induction that neither signaling molecule alone could produce at that low concentration. Similarly, a mammalian cell line competent to differentiate into muscle, fat, and cartilage cells responds in a dosedependent manner to BMP-2, whereas addition of other growth factors together with BMP-2 alter the frequency of the differentiated colony formation (Wang et al. 1993) . Although a differential response to a graded signaling molecule (such as DPP) can account for some observations (Ferguson and Anderson 1992a) , the models discussed above lead us to favor the view that TSG may function as an independent peptide growth factor acting in parallel with DPP, thus, implying that multiple diffusible growth factors may be a general theme in early embryonic patterning in both vertebrates and invertebrates.
Materials and methods
Histology and stocks
The literature contains confusing allele designations for tsg mutants. Some investigators refer to tsg XB86 and tsg YNg7 (Ray et al. 1991; Ferguson and Anderson 1992b) , whereas Zusman and Wieschaus {1985) refer to tsg B8 as a null and the Drosophila stock center refers to the second allele as tsg Ng. We confirmed that both of the tsg alleles used here, tsg N9 and tsg B8, are null alleles by comparing embryos homozygous for the mutations to embryos hemizygous for Df(1)RC29. All of the structures affected are described in the first section of Results. To examine cuticle preparations, staged embryos from tsg heterozygotes and wild type (Ore-R) were collected, dechorionated in 50% bleach, treated in a 1:1 mixture of 10% formaldehyde-PBS and heptane for 5 rain followed by removal of the PBS layer and addition of an equal volume of methanol followed by vigorous shaking to remove the vitelline membrane. After two 5-rain rinses in PBS, embryos were placed under coverslips in 1:1 Hoyer's/lactic acid (Wieschaus and NiJsslein-Volhard 1986) . After a few hours at 65~ the tissue was cleared and the embryos were viewed by dark-field and phase microscopy using a Nikon optiphot microscope.
To stain the dorsal ectoderm-specific enhancer trap, 4-to 6-hr embryos were collected from tld 68 [P62]/TM3 (a tld null allele with the enhancer trap P-element, P62, on the tld chromosome), Ore-R [P62]/[P62] (third chromosome), and from the cross, Ore-R [P62]/[P62] males with w tsgNg/FM7c and y tsgBS/FMTc females. Embryos were dechorionated and the vitelline membranes removed as above, blocked in a solution of PBS, 0.1% Triton, 1% BSA (PBT-BSA) three times for 30 rain each and incubated overnight at 4~ with a 1:1000 mouse anti-~-galactosidase antibody (Promega) in PBT-BSA. Embryos were incubated in a 1:1000 anti-mouse horseradish peroxidase (HRP) secondary (Zymed), 4 hr at room temperature or overnight at 4~ followed by three 20-min washes in PBT and stained for -1 min in 1 ml of citric acid buffer (pH 6.3) {0.1 M citric acid, 0.05 M NH40 acetate) with 0.5 mg of diaminobenzidine (DAB) and 2 ~1 of 30% H202. Staining was stopped by rinsing embryos in PBT. Embryos were mounted on slides in 70% glycerol and 30% PBS and photographed using Nomarski optics.
Molecular procedures
Total RNA was isolated from staged animals essentially as described by LeMeur et al. (1981 ) and adapted for small amounts of Drosophila tissue by J. Rawls and G. Richards (pers. comm.). The RNA was separated using denaturing formaldehyde-agarose gels and transferred to nylon membranes {Foumey et al. 1988) . 32p-Labeled single-stranded RNA probes were transcribed with T7 or T3 polymerase from cDNAs subcloned into the Bluescript vector (Stratagene).
eDNA clones were obtained from 0-to 4-hr embryo libraries {Poole et al. 1985} (tsgS} and (Brown and Kafatos 1988 )(tsg2; tsg20) using genomic subclones characterized previously as hybridizing to tsg mRNA (Goralski 1985) . DNA was sequenced from double-stranded plasmid templates using the dideoxy chain termination method with modifications described in the Sequenase kit of U.S. Biochemical. Overlapping subclones spanning the entire eDNA and genomic sequence encoding the tsg gene were isolated using conveniently spaced restriction sites and one oligonucleotide primer. Both strands were sequenced and all cloning sites were crossed. One polymorphism was detected between the sequence from the genomic library (Maniatis et al. 1978 ) and the sequence from the cDNA library (Poole et al. 1985) . Nucleotide + 501 was G in the genomic sequence and A in the cDNA sequence. This nucleotide occupies the third position in a codon and both sequences code for arginine. Otherwise, no differences were observed between the genomic and eDNA sequences. Routine DNA manipulations were performed according to standard methods (Sambrook et al. 1989 ).
In situ hybridizations
RNA probes were labeled according to the protocol accompanying the DIG RNA Labeling Mixture (Boehringer Mannheim). Unincorporated ribonucleotides were removed by P-60 column chromatography equilibrated with 1 x TEN buffer [0.1 M NaC1, 10 mM Tris-HC1, 1 mM EDTA (pH 8.0)]. Approximately 1 ~xg of hydrolyzed probe was used for each hybridization in a final volume of 50 t~l.
Embryos were treated for hybridization as described (Tautz and Pfeifle 1989) , with the following modifications: The initial fixation buffer contained 10% formaldehyde and 50 mM EGTA, and the embryos were transferred directly to ethanol after fixation. The embryos were digested with 5 txg/ml of proteinase K and prehybridized at 55~ (determined empirically to be optimal for our RNA probes). Probe was added to the embryos at a final concentration of -10 ng/txl in a 50-~1 volume and hybridized for 3 nights at 55~ Posthybridization washes continued for 3 days at 55~ with at least six changes of hybridization buffer. We found that shorter wash times resulted in background staining appearing sooner (e.g., -45 min), which is not a problem with transcripts such as ftz (which signal appears in ~< 1 min) but completely prevented visualization of tsg, which is approximately ~< 1% as abundant and required -1-3 hr to develop. After washing, embryos were prepared for antibody and staining as described and mounted in 70% glycerol in 1 x PBT for photography using a Nikon microscope with Nomarski optics, a Nikon camera, and Kodak HC100 Ektachrome daylight film. The 1.7-kb ftz cDNA (G20) was a kind gift of Dr. T.
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Cold Spring Harbor Laboratory Press on June 8, 2018 -Published by genesdev.cshlp.org Downloaded from Kaufman's laboratory (Laughon and Scott 1984) The tsg probe was 563 nucleotides of the 5' portion of the gene chosen to avoid the GN repeat region within the gene and a poly(G) cloning leader in the cDNA that caused background problems.
Examination of mitotic domains
Embryos were collected from OreR wild type, y tsg BS/FM7c and w tsg Ng/FM7c stocks and treated as described by (Foe 1989) . Briefly, embryos were treated with taxol to stabilize microtubules, incubated with an anti-B-tubulin monoclonal antibody (Amersham N357) at a 1:500 dilution and stained with FITClabeled goat anti-mouse antibody. Embryos were mounted in glycerol-gallate [5% N-propyl gallate, 50% glycerol, and 100 mM Tris (pH 9)] and viewed in a BioRad Laser Scanning Confocal Microscope Model MRC 600 attached to a Nikon Optiphot microscope using a 25 x oil immersion Zeiss lens. Pictures shown here are "z-series" reconstructions of the optical sections.
